We present the effects of the local magnetic field configurations on ions precipitating into the upper atmosphere of Mars using MAVEN are likely independent of the local magnetic field configurations. Precipitating ion fluxes are known to vary by at least an order of magnitude depending on the upstream solar wind. Therefore, the local magnetic field configurations turn out to be the secondary factor in modulating precipitating ion fluxes at Mars.
[e.g., Shizgal and Arkos, 1996; Curry et al., 2013] , these new-born ions are accelerated by the upstream solar wind electric field. This accelerated process is widely known as "ion pickup". While some ions gain enough energy to escape, other pickup ions precipitate back into the upper atmosphere of Mars. These precipitating heavy ions play an important role in atmospheric loss at Mars because they can transfer enough momentum and energy to the ambient neutral particles sufficient to enable their escape from the planet. This neutral escape process is referred to as "sputtering". Numerical simulations have predicted that the atmospheric loss rate due to sputtering caused by pickup heavy ions is much smaller than other atmospheric escape processes in the present epoch [e.g., Luhmann et al., 1992; Chaufray et al., 2007] . However, sputtering could have been a major atmospheric escape channel from Mars in a past epoch due to the extreme solar EUV and solar wind conditions [e.g., Luhmann et al., 1992] .
Although no direct measurements of neutral sputtered particles are currently available, Mars Atmosphere and Volatile EvolutioN (MAVEN) mission can observe the catalyst for sputtering by making measurements of precipitating ions. Previous studies have suggested that precipitating ion fluxes are highly variable by at least an order of magnitude c 2018 American Geophysical Union. All Rights Reserved.
depending on the upstream solar wind conditions [e.g., Hara et al., 2011] . Furthermore, global maps of precipitating ions show an asymmetric pattern with respect to the upstream solar wind electric field direction, where precipitating heavy ion fluxes observed in the −E hemisphere (where the solar wind electric field is pointed toward Mars) are typically stronger than those in the +E hemisphere. Numerical simulations have predicted this hemispheric asymmetry of precipitating ions along the solar wind electric field [e.g., Luhmann and Kozyra, 1991; Chaufray et al., 2007; Fang et al., 2013; Curry et al., 2015] . Recently, such a hemispheric asymmetry of precipitating ion fluxes with respect to the direction of the upstream solar wind electric field was observationally confirmed by MAVEN [e.g., Hara et al., 2017a; Masunaga et al., 2017] .
In addition to the precipitating pickup ion fluxes, the solar wind protons are known to penetrate into the dayside atmosphere [e.g., Dival et al., 2012 Dival et al., , 2013 Halekas et al., 2015a Halekas et al., , 2017 Halekas, 2017] . While they do not generally contribute to the sputtering loss, they can deposit potentially significant energy fluxes, leading to proton aurorae, similar to those occurring in the Earth magnetospheric cusp region. The amount and spatial distribution of these penetrating protons clearly depend on the magnetic field morphologies at the solar wind boundary, as well as the altitude where charge exchange neutralizes the protons.
The statistical study by Hara et al. [2017a] revealed that precipitating ion fluxes observed by MAVEN with an altitude between 200 and 350 km vary at least by an order of magnitude depending on either the upstream solar wind conditions (e.g., the dynamic ram pressure and strength of the interplanetary magnetic field (IMF)), or the observed locations (dayside/nightside). They conclude that gyro radii of pickup ions determined c 2018 American Geophysical Union. All Rights Reserved.
by upstream solar wind conditions are one of the most important factors in controlling the global ion precipitation map along the upstream solar wind electric field.
In addition to the upstream solar wind conditions and solar wind electric field, the local magnetic field configurations at Mars are another significant factor in controlling the behavior of precipitating ions of all species and energies. Mars possesses local, strong crustal magnetic fields with a strength larger than at least a few hundreds nT at ∼400 km, which are primarily distributed in the southern hemisphere with a geographic longitude of ∼180
• [e.g., Acua et al., 1998 Acua et al., , 1999 . Thus far, a variety of plasma (or magnetospheric)
dynamics have been reported in the vicinity of the Martian crustal magnetic fields, such as auroral electrons precipitation [e.g., Brain et al., 2006a; Dubinin et al., 2008; Soobiah et al., 2013; Xu et al., 2014; Grard et al., 2015] leading to UV emissions [e.g., Bertauxet al., 2005; Leblanc et al., 2008] , the inverted-V signatures presumably associated with enhancements of ion outflows [e.g., Lundin et al., 2006a,b] , flux rope formations [e.g., Brain et al., 2010; Morgan et al., 2011; Beharrell and Wild, 2012; Soobiah et al., 2014; Hara et al., 2014 Hara et al., , 2017b presumably in consequence of magnetic reconnection [e.g., Eastwood et al., 2008; Halekas et al., 2009; Harada et al., 2015 Harada et al., , 2017 , energy-time dispersed electron signatures [Harada et al., 2016] , and mini-magnetosphere [e.g., Lundin et al., 2011; Brain and Halekas, 2012, and references therein] . Previous study has shown examples of ion precipitation in crustal magnetic field regions during different electron energy flux intensification signatures on ∼9% of Mars Express (MEX) orbits over 18 months of data [Soobiah et al., 2014] . However, the effects of local crustal magnetic field configurations on precipitating ion fluxes onto Mars have not been investigated on the basis of comprehensive plasma and magnetic field observations yet. Previous numerical simulations have c 2018 American Geophysical Union. All Rights Reserved.
suggested that the crustal field can increase precipitating O + ion fluxes substantially leading to the enhancement of sputtering by a factor of ∼2 [Li et al., 2011] . Those numerical simulations also predict that the crustal magnetic fields can vary the O + ion precipitation rates within a factor of 2, meanwhile the variation due to the upstream solar wind conditions is larger than that due to crustal magnetic fields [Wang et al., 2014 [Wang et al., , 2015 . The main goal for this study is to present observations of the dependence of precipitating ion fluxes on the local crustal magnetic field configurations using larger data sets accumulated by MAVEN than Hara et al. [2017a] .
In this study, we adopt two different coordinate systems, including the Mars-centered Solar Orbital (MSO) coordinate, and the Mars-centered Solar Electric field (MSE) coordinate. The MSO coordinate system is defined with X toward the Sun, the Z axis perpendicular to the ecliptic pointing to the northern hemisphere, and the Y axis completing the right-hand system. The MSE coordinate system is defined with the X axis toward the Sun, the Z axis along the upstream solar wind electric field, and the Y axis also completing the right-hand system. Moreover, we set two magnetic field angles in order to easily infer the local magnetic field topology: the magnetic field elevation (≡ B θ )
is defined as the angle relative to the local horizontal plane, i.e., 0 [Halekas et al., 2015b . MAG is a tri-axial fluxgate magnetometer to sample vector magnetic fields as fast as 32 Hz [Connerneyet al., 2015] .
Precipitating ion fluxes are calculated by SWIA through integration over any ions detected in the SWIA angular bins whose field of views (FOVs) are within a cone angle of
75
• along the positive radial direction relative to the center of Mars. This methodology is identical to the previous studies [Leblanc et al., 2015; Hara et al., 2017a] . During this event, MAVEN traveled from north to south in the dayside induced magnetosphere and ionosphere. When MAVEN was located at altitudes 500 km, the magnetic field strength (-B-) in Figure 1e was much stronger than 100 nT; therefore, MAVEN crossed over a significant strong crustal magnetic field region (see also Figure 1d shows that the total precipitating ion fluxes are enhanced by a factor of ∼8, and ∼4 relative to the average total precipitating ion fluxes during individual inbound and outbound segments (red horizontal dashed lines in Figure 1c ).
Interestingly, these enhancements are coincident with the amplitude of the magnetic field elevation (|B θ |) reaching at least ∼45
• and above in Figure 1f, MAVEN case studies of plasma dynamics in low altitude crustal magnetic field at Mars 1:
Dayside ion intensifications associated with radial crustal magnetic field, in preparation to submit to J. Geophys. Res. Space Physics] investigates the detailed plasma dynamics associated with such precipitating ion phenomena in the vicinity of the dayside crustal magnetic fields.
Statistical Results
As mentioned above, precipitating ion fluxes into the Martian atmosphere are highly variable by at least an order of magnitude depending on the upstream solar wind conditions and/or the observed locations from dayside to nightside [e.g., Hara et al., 2011 Hara et al., , 2017a . Similar to the previous approach [Leblanc et al., 2015; Hara et al., 2017a] , we focus [e.g., Yagi et al., 2012] . In order to examine the effects of the local crustal magnetic field topology on the precipitating ion fluxes, we analyzed precipitating ion fluxes integrated over the whole SWIA energy range, which are normalized by the average values between 200 and 350 km during individual MAVEN orbital inbound/outbound segments, namely, we statistically used the results as shown in Figure 1d . The surveyed time interval is from 1 December 2014 until 28 February 2017; that is approximately more than one Martian year. In this study, we only used the SWIA data, whose FOV coverage is larger than 0.7 (see, Figure 1b ), in order to widely capture ion populations precipitating toward the Martian ionosphere in the same way to Hara et al. [2017a] . horizontal induced magnetic field [Shematovich et al., 2011] . In particular, the normalized 
. Although there are some data gaps, the normalized precipitating ion fluxes might be slightly increasing by a several tens of % for magnetic field strength weaker than ∼10 nT due to the weak shielding effects, due to larger ion gyro radii being less deflected under low magnetic field strength conditions. It should be noted here that there are a few bins that have a large standard error as shown in Figure S1 in the supporting information;
however, Figure S1 obviously shows that the tendencies of the normalized precipitating ion fluxes with respect to the local magnetic field configurations mentioned above are sufficiently valid. Here we also divide Figure 2 according to the observed subsolar longitude (Figure 3 ) in order to investigate global effects on crustal field locations with respect to the observed local time. As mentioned in section 1, the Martian strongest crustal magnetic fields are primarily distributed on the southern hemisphere with a geographic longitude of ∼180
• [e.g., Acua et al., 1998 Acua et al., , 1999 ; therefore, Figure c 2018 American Geophysical Union. All Rights Reserved.
As described in Hara et al. [2017a] , there are certain observational constrains when analyzing STATIC data. First, STATIC usually operates in the "Conic" mode with energies between ∼0.1 and 500 eV at altitudes between 200 and 350 km; therefore, the Conic mode cannot capture precipitating pick up ion populations accelerated up to the high-energy range (at least a few keV and above). So in this study we used the STATIC data only when it operates in the "Protect" mode, allowing detection of ions with energies between ∼30 eV and ∼30 keV. Second, in principle we should use the high-dimensional STATIC (so-called "D0" and "D1") data products including energy (E), angular (deflection D, azimuth A), mass (M ) arrays, in order to compute precipitating ion fluxes; however, these higher dimensional STATIC data products are only available every 4-128 s, depending on its energy modes and telemetry rates. This means that the volume of the STATIC data used in this study is significantly smaller than that of the SWIA data. In order to augment the data statistics as much as possible, we employ the STATIC "D4" data product 
Precipitating Ion Energy Spectra
So far, we have only discussed precipitating ion fluxes integrated over the whole SWIA (or STATIC) energy range. But it is also important to understand the characteristics of the energy spectra with respect to precipitating ion fluxes among a variety of local magnetic field configurations as shown in Figure 6 . Indeed, precipitating ion fluxes observed on the dayside are significantly larger than those on the nightside (see, e.g, black solid and dashed lines in Figure 6a ). In addition, precipitating ion fluxes observed in the −E hemisphere are also slightly larger than those in the +E hemisphere (see, e.g., black solid and dashed lines in Figures 6e and 6f ). It should be noticed that regardless of the observed c 2018 American Geophysical Union. All Rights Reserved.
locations including dayside/nightside, and ±E hemispheres, it is likely that the crustal magnetic fields significantly shield ions, especially with energies lower than a few keV, from precipitating toward the Martian upper atmosphere under strong and horizontal crustal field configurations (seen as the flux decrease at energies < a few keV in the blue lines).
However, under the radial crustal field configurations (red lines), ions in a similar energy range are easily allowed to precipitate toward the Martian upper atmosphere. At energies higher than a few keV, precipitating ion fluxes tend to be approximately comparable to the average energy spectra (black solid lines). This indicates that crustal magnetic fields play a significant role in controlling precipitating low-energy ions, while high-energy ions are able to penetrate into the Martian upper atmosphere regardless of the crustal magnetic fields. It is because small gyro radii ions are more effectively shielded compared to large gyro radii ions. These high-energy ions have been predicted to be a significant driver for sputtering [e.g., Johnson, 2001, 2002; Wang et al., 2014] . Note that the standard errors for individual energy spectra are negligibly small, because the total number of data points used here are at least greater than 10000.
Magnetic Topologies Deduced from the SWEA Electrons Measurements
MAVEN is also capable of measuring both suprathermal solar wind electrons and ionospheric photoelectrons in the Martian plasma environment by the Solar Wind Electron Analyzer (SWEA) [Mitchell et al., 2016] . SWEA is a symmetric electrostatic analyzer designed to measure suprathermal electrons energy and angular distributions of 3 eV to 4.6 keV every 2 sec. The instantaneous FOV is 360 • × 7
• ; however, an overall FOV is 360
• × 120 • through deflection sweep by ±60
• . These SWEA electron measurements are also a powerful tool to deduce local magnetic topologies, because electrons are typically c 2018 American Geophysical Union. All Rights Reserved. So we classify our statistical SWIA dataset used in Figure 2 into the local magnetic field topologies deduced from the SWEA measurements.
In order to systematically estimate if the observed field lines are open or closed, we employ the shape parameter characterized from the Martian ionospheric photoelectron peaks recorded in the SWEA pitch angle resolved electron energy spectra (see, in detail Xu et al. [2017] ). Since the Martian photoelectron signatures are essential to determine the shape parameter, in this study, we divided our statistical SWIA data set in computing precipitating ion fluxes only observed in the dayside by using the SWEA electron shape parameter. A closed field is determined by photoelectrons measured in both parallel and antiparallel directions to the local magnetic field line, resulting in the shape parameter smaller than unity (< 1) in both directions. On the other hand, an open field is determined by photoelectrons measured in one direction and solar wind electrons measured in the opposite direction, resulting in the shape parameter smaller than unity (< 1) in one direction and larger than unity (> 1) in the opposite direction .
c 2018 American Geophysical Union. All Rights Reserved.
As shown in Xu et al. [2017] , the SWEA electron shape parameters suggest that the dotted line) is smaller by ∼49 %. Therefore, we are still able to measure the tendencies as seen in Figure 6 from the closed field line configurations deduced from the SWEA shape parameter. The possible interpretation to understand these tendencies is that the loop tops of the radial closed field lines can be located at higher altitude and have a field strength significantly weaker than those of the horizontal closed field lines located at lower altitude. It allows ion populations to easily penetrate toward the Martian upper atmosphere, leading to the enhancement of precipitating ion fluxes even under the closed radial field line configurations.
Concluding Remarks
In this paper, we have statistically investigated the influence of local crustal magnetic 4. We also measured the influence of the local magnetic field configuration on the precipitating ion fluxes for both heavy ions and protons; however, significant differences between ion species could not be found from the current MAVEN/STATIC data sets as shown in Figure 5 .
5. Figure 6 indicates that precipitating ions with energies lower than a few keV are especially controlled by the local magnetic field configuration, while precipitating highenergy ion fluxes are likely independent of the local magnetic field configuration.
6. According to the magnetic topologies deduced from the SWEA shape parameter, we could identify the influence of the local magnetic field configuration on the precipitating ion fluxes also for closed field line configurations (see Figure 7) . It implies that the loop tops of the radial closed field lines can be found at significantly high altitude for ions to penetrate toward the Martian upper atmosphere, resulting in the enhancements of precipitating ion fluxes even under the radial closed field configurations.
As mentioned above, precipitating ion fluxes can vary with the local magnetic field configurations by a factor of 2-3. This variation scale due to the local magnetic field configurations is thus typically comparable to the numerical predictions [Li et al., 2011; Wang et al., 2014 Wang et al., , 2015 ; however, the influence of the crustal fields is still smaller than other factors, such as the upstream solar wind conditions, ±E, and dayside/nightside hemispheres, because they can be varied by at least an order of magnitude [Hara et al., 2017a] . Therefore, our results suggest that the local crustal field configurations can be regarded as a secondary and unique contributor in controlling the precipitating ion fluxes into the Martian upper atmosphere. • . The background blue-red contour is the radial component of the crustal field model ranging from -20 nT to +20 nT at 400 km [Morschhauser et al., 2014] , projected onto the globe surface. Blue, green, and red solid lines are the projected X MSO , Y MSO , and Z MSO axes, respectively. The orbital trajectory is color-coded according to the SWIA integrated precipitating ion fluxes, which is same to y-axis range in Figure 1c .
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